The effect of high NaCl concentrations on nutrient and nonnutrient germination of Bacillus subtilis spores was systematically investigated. Under all conditions, increasing NaCl concentrations caused increasing, albeit reversible, inhibition of germination. High salinity delayed and increased the heterogeneity of germination initiation, slowed the germination kinetics of individual spores and the whole spore population, and decreased the overall germination efficiency, as observed by a variety of different analytical techniques. Germination triggered by nutrients which interact with different germinant receptors (GRs) was affected differently by NaCl, suggesting that GRs are targets of NaCl inhibition. However, NaCl also inhibited GR-independent germination, suggesting that there is at least one additional target for NaCl inhibition. Strikingly, a portion of the spore population could initiate germination with L-alanine even at NaCl concentrations near saturation (ϳ5.4 M), suggesting that spores lack a saltsensing system preventing them from germinating in a hostile high-salinity environment. Spores that initiated germination at very high NaCl concentrations excreted their large depot of Ca 2؉ -pyridine-2,6-dicarboxylic acid and lost their heat resistance, but they remained in a phase-gray state in the phase-contrast microscope, suggesting that there was incomplete germination. However, some metabolic activity could be detected at up to 4.8 M NaCl. Overall, high salinity seems to exert complex effects on spore germination and outgrowth whose detailed elucidation in future investigations could give valuable insights on these processes in general.
W
hen confronted with nutrient depletion, Bacillus subtilis can form endospores, which are highly resistant to a broad range of stresses, including heat, radiation, and various chemicals, and it can remain dormant (i.e., metabolically inactive) over long periods of time (1, 2) . Vreeland et al. (3) , for instance, reported the isolation and revival of Bacillus sp. from a brine inclusion in a 250 million-year-old salt crystal, where the bacteria might have survived in the form of spores. Despite their dormancy, spores can perceive improvements in environmental conditions by recognizing the presence of appropriate nutrients, which can cause spores to induce germination, initiating their conversion back into growing cells (4, 5) .
The recognition of nutrient germinants is mediated by specific germinant receptors (GRs) (4) . Three different types of GRs, each composed of at least three subunits, have been identified in B. subtilis: GerA, which responds to L-alanine and L-valine, as well as GerB and GerK, which act together to respond to a nutrient mixture termed AGFK (L-asparagine, D-glucose, D-fructose, and K ϩ ) (6) (7) (8) . All GRs seem to interact with each other in some fashion and colocalize in a discrete cluster within the spore's inner membrane, likely forming a functional germination unit termed the germinosome that is important for quick and efficient germination (9) (10) (11) .
The recognition of nutrients by GRs can, in a yet-unknown way, initiate a series of characteristic germination events (2) . Initially, a spore commits to germinate, i.e., it continues to progress through germination even when the germinant is removed or germinant binding is reversed and inhibited (12) . Commitment is followed by two stages of germination: first, large amounts of monovalent cations and then the spore core's huge depot of pyridine-2,6-dicarboxylic acid (dipicolinic acid, or DPA) in a 1:1 chelate largely with Ca 2ϩ (Ca 2ϩ -DPA) are excreted, accompanied by some spore core hydration (2, 12, 13) . Subsequently, the peptidoglycan spore cortex is hydrolyzed by two redundant cortex-lytic enzymes (CLEs), CwlJ and SleB, leading to further core hydration and core expansion (2, 13) . Throughout these two stages, the spore loses its resistance properties and ultimately enters outgrowth, a phase which is characterized by the onset of metabolism and macromolecular synthesis (2, 13) .
In addition to nutrient germinants, spore germination can also be triggered by nonnutrients that do not require the action of GRs, such as exogenous Ca 2ϩ -DPA, or cationic surfactants, such as dodecylamine (2, 14) . Ca 2ϩ -DPA is thought to activate CwlJ directly, initiating germination at the stage of cortex hydrolysis, while dodecylamine appears to directly trigger the opening of an inner membrane Ca 2ϩ -DPA channel composed of SpoVA proteins (2, 4, (15) (16) (17) .
The exact environmental conditions during sporulation and germination can have major impacts on the efficiency of these processes and the properties of the resultant spore and cell (18, 19) . In 1964, Fleming and Ordal (18) reported that the ionic environment influences not only B. subtilis sporulation but also spore germination. In their study, they only investigated the effects of low to moderate salt concentrations on L-alanine-dependent germination, although knowledge of the effects of high salt concentrations on spore germination has significant relevance for several applied fields. These include food microbiology with regard to food preservation, because spores can cause food spoilage and food-borne diseases (20) . In addition, as B. subtilis is an abundant soil inhabitant and soil salinization represents an increasing worldwide ecological problem, this topic is also important with regard to soil ecology (21, 22) . Although high-salinity effects on and subsequent responses of growing B. subtilis cells are increasingly understood, much less is known about the impact of high salt concentrations on spore germination (23) . Here, we present the first systematic study of the impact of high salinity on B. subtilis spore germination. We show that NaCl exerts strong inhibitory effects on germination, and that nutrient and nonnutrient germination are affected differently. Based on these observations, we discuss possible mechanisms underlying salt inhibition of spore germination.
MATERIALS AND METHODS
Spore production and purification. All experiments were carried out with Bacillus subtilis 168 (trpC2) originally obtained from the German Collection of Microorganisms and Cell Cultures GmbH (DSMZ, Braunschweig, Germany) as DSM402. Spores were produced on Schaeffer's sporulation medium plates (SSM) (24) that were incubated for 6 days at 37°C. The biomass was harvested, suspended in water, and centrifuged at 2,990 ϫ g and 4°C. The pellet was resuspended in lysozyme solution (1 mg/ml lysozyme, 10 g/ml DNase I, 2.5 g/ml MgSO 4 in 10 mM Tris-HCl [pH 7]) and incubated for 30 min in a shaking incubator at 37°C. After a subsequent 15-min incubation at 80°C, the spores were washed at least seven times with water by centrifugation. Spores were stored in water at 4°C in screw-cap reaction tubes with glass beads until they were used. The purity of the spore stocks as checked by phase-contrast microscopy was Ն99%.
Spore germination. Spores were heat activated at 70°C for 30 min in order to ensure synchronized germination. For spectrophotometric measurements, germination was carried out on 96-well plates, each containing 200 l of germination medium composed of 10 mM Tris-HCl (pH 8; with or without NaCl), 50.5 mM D-glucose, 0.5 mM L-tryptophan, and the germinant of interest: 10 mM L-alanine, 30 mM L-valine, or AGFK (10 mM L-asparagine, 100 mM D-glucose [no additional 1% glucose], 100 mM D-fructose, 100 mM KCl). Nonnutrient germination was carried out in 200 l of 60 mM Ca 2ϩ -DPA (pH 8; adjusted with dry Tris base) without further additions (4, 5) . Germination media were inoculated with 40 l heat-activated spores to a starting optical density of ca. 0.5 at 600 nm (OD 600 ), corresponding to a total of ca. 4 ϫ 10 7 spores per well, and were incubated at 37°C in a multiplate reader (BioTek ELx808IU) that read the OD 600 of the culture, with 5 s of shaking before all readings. Each germination condition was tested with six replicates. The OD 600 data were normalized by division of each reading by the first reading (t 0 ), yielding the relative OD 600 given in percentages. A 60% decrease in relative OD 600 corresponds to germination of the whole spore population (8 and data not shown). It should be noted that there was often some decrease in the OD 600 during incubation of spores without any germination trigger. However, phase-contrast microscopy confirmed that this decreased OD 600 did not correspond to germination (data not shown), consistent with previous reports about this phenomenon, which was suggested to be due to spore aggregation and adsorption to test tube walls (8) .
Analyses of DPA release and germination commitment were performed as described previously using the germination media described above and measuring DPA release by its fluorescence with Tb ϩ3 in a Gemini EM multiwell fluorescence plate reader (Molecular Devices, Sunnyvale, CA) as described previously (12) . Commitment was always investigated by the addition of D-alanine at various times in germination to a final concentration of 10 mM. D-Alanine serves to inhibit further commitment but allows committed spores to progress through germination (12) . DPA release assays with L-alanine and commitment analyses with L-valine were performed in quadruplicate and duplicate, respectively.
To monitor spore germination via plating, spores were germinated in test tubes with 5 ml of the respective germination medium. To determine the amount of heat-resistant CFU (CFU Heat ), samples were withdrawn at various times, heat shocked (10 min, 80°C), diluted in water, plated on nutrient broth agar plates, and incubated overnight at 37°C prior to counting colonies; all plating experiments were performed in duplicate.
To view germination by microscopy, spores were germinated in 2-ml tubes in a shaking incubator. At various times, 5-l samples were withdrawn and fixed by applying them to a microscope slide coated with 1% agar. For analysis of spore recovery after incubation in germination media with very high NaCl concentrations, spores were incubated for 4 h in germination media containing 3.6 M or 5.4 M NaCl, washed once with 10 mM Tris-HCl (no NaCl, no alanine) at room temperature, suspended in NaCl-free germination medium with L-alanine, and incubated at 37°C for 30 min. Micrographs were taken using a Zeiss fluorescence microscope (Axio Imager M2; Carl Zeiss MicroImaging GmbH) equipped with an AxioCam MRm and processed using the AxioVision 4.8.2 software and GIMP 2.6.12. The micrographs were evaluated by manual counting (at least 500 counts per time point) and assigning the individual spores to one of three distinguishable, phase-contrast microscopic phenotypes: bright (i.e., dormant spores), gray (i.e., germination induced, but not completed), or dark (i.e., germination completed).
Analysis of the germination of multiple individual spores by differential interference contrast (DIC) microscopy was as described previously (25) using the germination media described above. This analysis allowed the determination of a number of kinetic parameters for the germination of individual spores, including (i) the time between germinant addition and the initiation of fast DPA release (T lag ), (ii) the time for completion of DPA release (T release ), (iii) the time period for fast DPA release (⌬T release ϭ T release Ϫ T lag ), and (iv) the time period for the hydrolysis of the great majority of the spore cortex peptidoglycan once fast cortex hydrolysis has been initiated (⌬T lys ).
Statistical analyses of the data given in Tables 1 and 2 were performed by t tests using a significance level of P Ͻ 0.05. In Table 2 , only T lag and ⌬T release were tested. To analyze the onset of metabolic activity, germinating cultures containing 39.8 mM the redox dye alamarBlue were monitored spectrophotometrically as described above and previously (26, 27) , but with OD measurements at both 600 nm and 550 nm. In short, alamarBlue changes its color from blue to pink when it reacts with reduced metabolites (e.g., FADH and NADH) that are newly synthesized after germination (26) (27) (28) . OD 600 and OD 550 changes of parallel control germinations without alamarBlue were subtracted to determine OD changes due to the color changes while excluding the OD drop due to any refractility decrease.
RESULTS
L-Alanine-triggered germination is inhibited by NaCl. When germination was induced by L-alanine in NaCl-free medium, typical changes indicating efficient germination could be detected by all utilized methods. Within 15 to 30 min after the addition of germinant, the relative OD 600 (Fig. 1A ) and differential interference contrast (DIC; see Fig. 3A ) intensity decreased rapidly, more than 99% of the spores turned dark in the phase-contrast microscope (Table 1 ; also see Fig. S1A and B in the supplemental material), large amounts of DPA were released ( Fig. 2A) , and Ն99.7% of the spores lost their wet heat resistance (see Fig. S1E ). However, when NaCl was present in the germination medium, the typical germination-related changes were altered. With Յ1.2 M NaCl, there were moderate effects on germination. The refractility decrease, DPA release, and commitment were slightly delayed and slowed, although the overall efficiencies of these events were similar to those in the absence of NaCl (Fig. 1A, 2 , and 3A and Table 1 ). Analysis of single-spore germination by DIC microscopy also showed that several kinetic germination parameters were significantly different in the presence of 1.2 M NaCl ( Table 2 ). In agreement with the observations on germination of spore population, 1.2 M NaCl delayed germination onset (increased T lag ) and increased the time required for the release of the great majority of spore DPA (increased ⌬T release ).
At NaCl concentrations of Ͼ1.2 M, the effects of NaCl on germination became much more pronounced, as the OD 600 decrease and DPA release were progressively delayed and slowed and their overall magnitudes reduced (Fig. 1A, D, and 2A) . The decreased germination efficiency at increasing NaCl concentrations was also observed microscopically, as a significant percentage of spores remained phase bright (Table 1) . Overall, the relative OD 600 changes in the first 30 min after germination initiation exhibited a reverse sigmoid functionality when plotted against the NaCl concentration in the germination medium (Fig. 1D) . Using spectrophotometry, OD 600 decreases could be detected during germination at up to 4.2 M NaCl, and with phase-contrast microscopy some refractility decrease of a small percentage of spores was observed at up to 5.4 M NaCl. However, during germination at very high salinity (Ն3.6 M), phase-gray spores accumulated while the percentage of phase-bright spores decreased more or less strongly depending on the NaCl concentration, whereas the amount of phase-dark spores remained essentially constant (Table 1 ; also see Fig. S1C and D in the supplemental material). Interestingly, during germination with 3.6 M NaCl, the amounts of total CFU and heat-resistant CFU (80°C, 10 min) were quite similar and approximately equal to the amount of phase-bright spores (see Fig. S1E ). This suggests (i) that the phase-gray spores were not as heat resistant as dormant spores (note that similar results were obtained using a milder heat treatment of 60°C for 30 min) and (ii) that primarily the heatresistant spores were viable after plating. At 3.6 M NaCl, several kinetic germination parameters of individual spores were altered much more than at moderate salinity (Table 2 ). However, even at such a high salinity, the interval between the end of DPA release (T release ) and the completion of cortex hydrolysis (⌬T lys ) was not significantly affected. Most strikingly, increasing NaCl concentrations greatly increased the heterogeneity in germination onset within the spore population (Fig. 3) . Fluorometric analyses revealed that high salinity delayed commitment, albeit not as strongly as the onset of DPA release, resulting in an increased time interval between commitment and T lag at NaCl concentrations of Ն2.4 M (Fig. 2B and data not shown). Taken together, NaCl seems to exert inhibitory effects on L-alanine germination, with increasing salinity leading to decreased and slower germination. It is also notable that an excess of L-alanine (100 mM instead of 10 mM) did not significantly influence or counteract the negative effects of NaCl on germination (data not shown).
To test the reversibility of NaCl-dependent germination inhibition, spores that were incubated for 4 h in L-alanine germination medium containing 3.6 M or 5.4 M NaCl were washed, transferred to NaCl-free L-alanine germination medium, and examined by phase-contrast microscopy. The vast majority of spores in both cultures turned from bright or phase-gray to dark within 30 min of transfer, suggesting that the inhibitory effect of NaCl is reversible ( Table 1) . The extent of germination inhibition by NaCl varies among nutrient germinants. Besides L-alanine, L-valine and AGFK also can be utilized as germination triggers for B. subtilis spores. While L-valine interacts with the same GR as L-alanine (GerA), AGFK activates two other GRs, GerB and GerK (2, 7, 8) . Due to these different modes of action, the impact of NaCl on germination triggered by these two germinants was also investigated.
As shown in Fig. 1 , the NaCl-dependent germination inhibition varied notably among the tested germinants. Comparing L-alanine and L-valine (Fig. 1A, B, and D) , the differences in germination inhibition were relatively small at low NaCl concentrations, as the OD 600 drop was only slightly more delayed in L-valine germination. However, with increasing NaCl concentrations the differences among the OD 600 profiles for L-alanine and L-valine germination became more pronounced, with L-valine germination being slower than L-alanine germination, although the overall OD 600 decrease after 4 h was similar with both germinants. Importantly, applying 10-fold higher L-valine concentrations (300 mM instead of 30 mM) yielded germination curves highly similar to the ones obtained with 10 mM L-alanine, regardless of the NaCl concentration (Fig. 1A and data not shown) . Thus, NaCl seems to affect L-alanine-and L-valine-triggered germination in the same manner. This was further substantiated when comparing DPA
FIG 1 Effects of NaCl on nutrient germination. Germination was triggered by L-alanine (A), L-valine (B), and AGFK (C) in germination media containing no
NaCl (black circles) or 0.6 M (white triangles), 1.2 M (gray squares), 2.4 M (black diamonds), or 3.6 M NaCl (white circles) and was measured by the OD 600 as described in Materials and Methods. It should be noted that a certain OD 600 decrease was observed in the absence of a germination trigger (A, gray triangles) which does not correspond to germination (8 , or 3.6 M NaCl (white circles) was monitored by changes in fluorescence intensity due to the formation of fluorescent terbium-DPA complexes (see Materials and Methods). Control experiments showed that high NaCl concentrations had no notable effect on terbium-DPA fluorescence (data not shown). (B) Times required for reaching 50% DPA release (black squares; % of maximum) and 50% commitment (white circles; % of maximum) in L-valine germinations in media containing 0 to 3.6 M NaCl. The lag times (⌬ 50 ) between 50% DPA release and 50% commitment are given as gray triangles. Note that L-alanine commitment was extremely rapid (Ͼ90% commitment within 1 min at 0 M and 0.6 M NaCl), hampering accurate measurement at low salinity. Therefore, only the results for commitment in L-valine germinations are depicted. However, high-salinity effects on germination were similar for these two nutrient triggers.
release and commitment kinetics between these two germinants ( Fig. 2B and data not shown) . Strikingly, the effect of NaCl on AGFK-triggered germination was much greater than that on GerA-dependent germination ( Fig.  1C and D) , as even 0.2 M NaCl greatly slowed AGFK germination. NaCl concentrations of Ն0.6 M also reduced the total OD 600 decrease, leaving a considerable percentage of the spore population in a refractile state (data not shown). At 2.4 M NaCl, AGFK-triggered germination was almost completely blocked, as seen with both phase-contrast microscopy (data not shown) and OD 600 measurements (Fig. 1C) . Although plotting the relative OD 600 change in 30 min after mixing spores and the different germinants against the salinity of the medium gave curves that all exhibited reverse sigmoid functionality, the slopes of the exponential regions differed (Fig. 1D) . While the L-alanine and L-valine curves had gradients of Ϫ1.9 and Ϫ2.1, respectively, the AGFK curve was much steeper (gradient, Ϫ3.5). Hence, high NaCl concentrations had a differential impact on GerA-versus GerB/GerK-dependent germination.
Nonnutrient germination is also inhibited by NaCl. Germination at various NaCl concentrations was induced using exogenous Ca 2ϩ -DPA, which is thought to trigger germination by direct activation of the cortex-lytic enzyme CwlJ, and with no GR involvement (2, 4, 15) . In the absence of NaCl, the onset of the OD 600 decrease in Ca 2ϩ -DPA-dependent germination was significantly later than that for nutrient-dependent germination, and the drop also was not as steep (Fig. 4A) . Consistent with the OD 600 observations, phase-contrast microscopy showed that almost all spores had germinated by 120 min, although a few spores were still refractile or only phase-gray at the end of the experiment (Fig. 4B) . NaCl could clearly inhibit Ca 2ϩ -DPA germination, as observed by OD 600 measurements and phase-contrast microscopy. Even 0.6 M NaCl greatly slowed germination, again leaving a large percentage of the spore population refractile until the end of the experiment (Fig. 4A and C) . These effects were even more pronounced with 1.2 M NaCl, which allowed only a small fraction of spores to germinate within 4 h (Fig. 4A and D) , while 2.4 M NaCl completely blocked Ca 2ϩ -DPA germination ( Fig. 4A and E) . Hence, high NaCl concentrations inhibited both nutrient and nonnutrient spore germination.
Metabolism is initiated during outgrowth even with high NaCl. Using spectrophotometric, microscopic, and fluorometric methods, it is possible to monitor whether or not spores undergo essential steps of germination, such as DPA release, core swelling, and cortex hydrolysis, but this does not indicate if the germinated spores are viable and able to progress into outgrowth. In order to test this, spores were germinated at various salinities in the presence of the redox dye alamarBlue, which is an indicator for metabolic activity. Upon reaction with reducing electron-transfer metabolites, such as NADH or FADH, that must be newly synthesized after germination, alamarBlue changes color from blue to pink (26) (27) (28) . The color change can be quantified spectrophotometrically at 600 nm (disappearance of the blue form) and 550 nm (appearance of the pink form).
When spores were germinated with L-alanine plus alamarBlue in the absence of NaCl, the OD 600 and OD 550 curves both exhibited a short lag phase of about 15 min until they began to decrease and increase, respectively ( Fig. 5A and B) . Over a long time, the OD changes were linear, although the OD 550 curve reached a plateau toward the end of the experiment. At NaCl concentrations of Յ1.8 M, the OD profiles were just slightly altered; the OD changes were slowed slightly but had a similar overall magnitude to the changes observed in the absence of NaCl. Hence, spores that germinated under these salt conditions seemed to be viable and could clearly initiate metabolism, which is consistent with the colonyforming ability observed in plating experiments (data not shown). The effects of Ն2.4 M NaCl on metabolic activity in germinating cultures were much more pronounced, with large alterations in the OD 600 and OD 550 profiles, and progressive delays in the onset of color changes, as well as decreases in the magnitude of color changes with increasing NaCl concentrations. Nevertheless, some metabolic activity was detectable at up to 4.8 M NaCl, which is striking, since microscopy suggested that most spores were unable to complete germination normally at such a high NaCl concentration (Table 1) .
DISCUSSION
While the overall effects of high salinity on vegetative B. subtilis cells are well understood (23) , very little is known about the impact of elevated salt concentrations on spore germination. One study on wild-type spore germination in the presence of salts was performed decades ago (18) , in which only the impact of relatively low salt concentrations (Յ1 M) on L-alanine germination was analyzed using OD 600 measurements. It was reported that low salt concentrations can enhance germination, whereas higher concentrations can have a detrimental impact (18) . Accordingly, within this current study it could be shown that high salinity exerts diverse inhibitory effects on B. subtilis spore germination, although L-alanine-responsive germination was surprisingly efficient despite very high NaCl concentrations (see below).
In principle, inhibition by NaCl could occur at many stages within the germination process, including (i) the access of germinants to GRs, (ii) germinant binding to GRs, (iii) signal transduction from the GRs, (iv) ion efflux from the spore core followed by (v) DPA efflux, and ultimately (vi) cortex hydrolysis (2, 29) .
Generally, the current work showed that GRs are one likely target for NaCl inhibition, as L-alanine or L-valine germination via the GerA GR was affected much less by NaCl than was AGFK germination triggered by the GerB and GerK GRs (Fig. 1A to D) . Furthermore, increasing NaCl concentrations increased T lag (the time of onset of rapid DPA release) and delayed commitment ( Table 2 and Fig. 2B , respectively), and both of these kinetic parameters have been shown to be influenced by to the amount of activated GRs (12, 30) . Therefore, it could be hypothesized that germinant passage through the spore integuments is hampered by NaCl, which would be consistent with the small germinant L-alanine being the most efficient and the multicomponent germinant AGFK being the least efficient at high salinities. For successful germination with AGFK, sufficient amounts of its individual components must reach the GRs, and the charge of K ϩ in particular could hamper its passage considering potential ionic interactions with Na ϩ and Cl Ϫ . Although the details of germinant passage through the spore outer layers to the GRs are not clear, there is evidence that this process is facilitated by GerP proteins (31, 32) , and these proteins' function might be affected by NaCl. Future research on mutant spores with coat, cortex, and GerP alterations could give new insights into whether or not NaCl influences germinant passage to the GRs. Additionally or alternatively, it could be hypothesized that NaCl hampers germination initiation at the level of germinant binding to the GRs. Inhibition at this stage has previously been reported for several L-alanine analogues, such as D-alanine (29, 33) . However, an exclusively competitive inhibition mode for NaCl seems rather unlikely, as a 10-fold increase of L-alanine concentration did not eliminate the inhibitory effects of NaCl on GerA-dependent germination. Unfortunately, little is known about GR structures and particularly their binding sites (34) ; thus, a potential interference of NaCl at this stage (e.g., blockade of, or ionic interactions at, the binding site) is conceivable but highly speculative. To determine if germinant passage through the spore integuments and/or ligand binding to the GRs are crucial for NaCl-dependent germination inhibition, high-salinity effects on germination triggered by pressures of 100 to 200 MPa that is assumed to activate the GRs without germinant binding (35) could be analyzed in future research. Altogether, the GRs seem to be a likely direct or indirect site of NaCl inhibition, especially so when taking into consideration that many germination inhibitors were previously shown to block the action of GRs and their inhibition was reversible (29) , which seems to be the case for NaCl inhibition as well. (iii) As this study showed that the lag time between commitment and DPA release was increased at very high salinity (Ն2.4 M NaCl) (Fig. 2B) , signal transduction from the GRs causing subsequent germination is also likely to be affected by NaCl. Unfortunately, this signal transduction process is not understood (34) . An important feature early in this process might be the germinosome, a colocalized cluster of all GRs plus GerD and possibly further proteins, most likely forming a functional unit required for quick, cooperative, and efficient germination (10) . Within this cluster, protein-protein interactions (among GR subunits of individual GRs, and/or between the different GRs and associated proteins) seem likely to play a fundamental role (10, 36, 37) , and some of these interactions might be hampered or even disrupted by high NaCl concentrations. This would be consistent with the finding that AGFK-responsive germination is most strongly affected by NaCl, since AGFK requires the cooperative action of GerB plus GerK (8) . Furthermore, GR interactions with, or the action of, a putative signal integrator involved in synergistic effects of multiple germinants might be affected by high salinity (8, 38) .
Although effects of NaCl on the above-mentioned processes are likely based on the observations within this study, additional inhibition seems to occur farther downstream in the germination pathway, as high salinity slowed DPA release and also inhibited GR-independent germination with exogenous Ca 2ϩ -DPA. Thus, the next potential NaCl inhibition targets would be the yet-unidentified ion channels involved in rapid cation efflux (29, 34, 39) and/or the DPA excretion channels that seem to be at least in part encoded by the spoVA operon, although their organization and mode of action is not yet understood (17, 34, 40, 41) . In a previous study reporting inhibitory effects of multivalent metal ions on the germination of decoated B. subtilis spores, the authors proposed that these ions form complexes with DPA, which could then act as a plug for the DPA channels (42) . Whether this would also be possible for monovalent ions is unclear, but ionic interactions would certainly be conceivable.
(vi) The excretion of DPA precedes the full hydrolysis of the spore cortex, which is required for completion of the germination process, as it allows full core hydration and the onset of metabolic activity (13, 43) . Cortex degradation is mediated by two redundant cortex-lytic enzymes (CLEs), SleB and CwlJ, with the latter CLE likely activated by Ca 2ϩ -DPA (2, 4, 15). As both CLEs are located in the spores' outer layers (44, 45) , they would likely be exposed to large amounts of NaCl in high-salinity media, representing further potential targets for NaCl-dependent germination inhibition. This would be supported by the observations that Ca 2ϩ -DPA germination is strongly inhibited by NaCl (Fig. 4) and that spores seem to be arrested in some intermediate stage of germination (phase-gray spores; see Fig. S1 in the supplemental material) at very high salinities. However, DIC microscopy suggested that the time between completion of DPA release and completion of cortex hydrolysis (⌬T lys ) is not significantly affected by NaCl (Table 2) , some metabolic activity was detectable even at high salinity, and inhibition of Ca 2ϩ -DPA germination might well be an indirect effect (e.g., by interactions of exogenous Ca 2ϩ -DPA with NaCl ions, preventing it from activating CwlJ). Further research on CLE mutant spores, analysis of CLE activity at elevated ionic strength, and/or investigation of cortex integrity would be required to conclude if CLEs are indeed affected by high salinity.
Altogether, there are several possible targets for NaCl inhibition within the germination pathway. Based on the observations within this study, it seems as if high salinity inhibits germination at several stages, with at least one inhibition site being GR related, at least one being subsequent to GR-ligand binding, and possibly another (direct or indirect) leading to decreased germination in response to exogenous Ca 2ϩ -DPA in the presence of high NaCl concentrations. Although high salinity clearly exerted inhibitory effects on spore germination, a certain portion of the spore population was able to initiate germination in response to L-alanine despite very high NaCl concentrations. Even at 4.8 M NaCl, a small fraction of the spore population lost some refractility and some metabolic activity was detectable. In this context it is notable that vegetative growth in a nutrient-poor environment is already strongly impaired at 1.2 M NaCl (46). Thus, it seems that dormant spores do not possess a salt-sensing system preventing them from germinating in a non-growth-permissive, high-salinity environment.
Future research will focus on the investigation of factors that are involved in mediating successful L-alanine germination despite elevated salt concentrations, on the salt stress mechanisms and viability during outgrowth, and on the evaluation of the mechanisms of NaCl-dependent germination inhibition discussed above. This could not only help to extend the knowledge of B. subtilis' salt stress response but also might lead to a better understanding of the germination process itself.
